Abstract Non-small cell lung cancer (NSCLC) is the most common type of lung cancer, and can be further classified as nonsquamous carcinoma (including adenocarcinoma, which accounts for 40 % of NSCLCs) and squamous NSCLC, which makes up 30 % of NSCLC cases.
Introduction
Lung cancer is the leading cause of cancer deaths in the United States [1] , with a 5-year survival rate of approximately 16 % [2, 3] . The World Health Organization (WHO) classifies lung cancer into two major classes based on its biology, therapy, and prognosis: non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC) [3] . Representing more than 85 % of lung cancer cases, NSCLC is the most common of these [3] . The two major NSCLC histologies are nonsquamous carcinoma (can be further classified as adenocarcinoma, which accounts for approximately 40 % of NSCLCs, large cell carcinoma, and other cell types), and squamous NSCLC, which makes up 30 % of NSCLC cases [4] .
The survival of patients with advanced lung adenocarcinoma improved in the early 2000s, most likely due to the emergence of inhibitors of epidermal growth factor receptors (EGFRs), anaplastic lymphoma kinase (ALK), and vascular endothelial growth factor (VEGF) [5] . However, similar improvements in the survival of patients with squamous NSCLC have not been observed; this may be attributed to the fact that most of the treatment advances in NSCLC in the past decade have improved outcomes for adenocarcinoma, but demonstrated modest if any benefit in squamous NSCLC [6] . Therefore, understanding and investigating potential molecular targets, specifically in squamous NSCLC, could help transform the treatment of this class of lung cancer.
Given that angiogenesis is an established hallmark of progressively detrimental tumors, inhibiting proangiogenic factors represents a potential avenue for therapeutic development [7] . While the role of VEGF in angiogenesis is well established [8] [9] [10] , it is also known that additional signaling molecules and pathways contribute to aberrant blood vessel formation [11] . Notably, some studies postulate that inhibiting VEGF and its receptors (VEGFRs) in early treatment settings may be beneficial, but that prolonged exposure to VEGF/VEGFR inhibitors may allow tumor cells to utilize alternative mechanisms to find oxygen and nutrients to sustain their growth [12] . As a result, in addition to VEGF-targeted therapy, studies are also exploring additional antiangiogenic pathways as potential targets in squamous NSCLC.
This review article discusses current and investigational antiangiogenic pathways in squamous NSCLC, including VEGF/VEGFR, fibroblast growth factor receptors (FGFRs), platelet-derived growth factor receptors (PDGFRs), and angiopoietin. Clinical trials investigating VEGF-and multi-targeted antiangiogenic therapies are also discussed. Relevant clinical trials and other published evidence were identified using PubMed and Clinical Trials.gov; however, no specific search terms were used.
Preclinical Studies of Potential Antiangiogenic
Targets in Squamous Non-Small Cell Lung Cancer
Vascular Endothelial Growth Factor Signaling
VEGF, also referred to as VEGF-A, is a member of a family of growth factors that also includes VEGF-B, VEGF-C, VEGF-D, VEGF-E (found only in viruses), VEGF-F (identified from snake venom), and placental growth factor (PlGF) [13, 14] . As the prototype member of the family, VEGF is secreted by tumor cells and tumorassociated stromal tissues [15] , and is also the most extensively studied proangiogenic signaling factor [11, 16] . VEGF and VEGF-B are commonly expressed in NSCLC (usually at higher levels in adenocarcinoma than in squamous NSCLC), and have established roles in tumor cell proliferation, metastasis, and angiogenesis [17] . VEGF activation of VEGFR-1, VEGFR-2, and downstream signaling pathways (e.g., phosphatidylinositol-3-kinase [PI3K], phospholipase C-c, and v-src sarcoma viral oncogene homolog [src] ) is a well established initial step in promoting angiogenesis [10, 14] . Activation of these receptors triggers downstream signaling by the mitogenactivated protein kinase (MAPK) pathway, among others [18] . Multiple preclinical studies and systematic reviews have evaluated the role of VEGF and VEGFR in NSCLC cases. For example, a study conducted in 1996 reported that 5-year survival rates for patients with low versus high levels of VEGF messenger RNA (mRNA) were 77.9 and 16.7 %, respectively, suggesting a potential prognostic role for VEGF in NSCLC [19] . Eventually, VEGF was linked to angiogenesis in studies of resected NSCLC tumor specimens, in which VEGF expression levels were significantly associated with new vessel formation (r = 0.44; p \ 0.0001) [20] .
Once the underlying mechanisms of angiogenesis were better characterized, the presence of VEGF and VEGFR in squamous NSCLC was associated with disease spread and nodal metastases, according to an early study of 91 NSCLC tumor specimens [21] . Although VEGF was the focus of early studies on tumor angiogenesis, it is now known that other signaling pathways also contribute to angiogenesis, probably in concert with VEGF and VEGFR. Key examples of such cross-talk are illustrated in Fig. 1 .
Platelet-Derived Growth Factor Signaling
PDGFs are a family of five ligands (i.e., PDGF-AA, -AB, -BB, -CC, and -DD) that bind and activate two tyrosine kinase receptors, PDGF-a and -b, with varying affinities [22] . Activation of these receptors triggers signaling through various downstream pathways [18] . In NSCLC, PDGF has been shown to be an autocrine regulator of VEGF expression, suggesting a role for PDGF in tumor progression via angiogenesis [23] . In addition, according to a single-center study of surgical sections of NSCLC tumors and cell lines, PDGF influences tumor size and patient prognosis more so than VEGF [23] . While most studies have focused on the role of PDGFR in NSCLC, one study reported that PDGFRA gene amplification observed in an adenosquamous NSCLC cell line was also present in a subset of squamous cell NSCLC clinical samples, but in none of the adenocarcinoma samples that were screened by fluorescence in situ hybridization. This finding suggests that the PDGFRA pathway might be an oncogenic mechanism unique to the squamous histologic subtype of NSCLC, and warrants further study [24] .
Further establishing the role of PDGF in NSCLC, elevated levels of PDGFs have been associated with poorer outcomes, comprising a shortened disease-specific survival in NSCLC (including squamous NSCLC histology), independent of tumor stage or degree of differentiation [23, 25, 26] . For example, PDGF-B was found to be a prognostic factor in patients with NSCLC; in the study, its presence was associated with a significantly shorter disease-specific survival in a study of 55 patients with stage I-IIIA NSCLC treated with postoperative radiotherapy (hazard ratio [HR] 5.42; p = 0.002) [27] .
In addition to being involved in hemangiogenesis, PDGFs are also involved in lymphangiogenesis [28] . In 335 tumor samples from patients with resected stage I-IIIA NSCLC, elevated levels of PDGF-A were independently associated with lymph node metastasis, and coexpression of PDGF-B and VEGFR-3 was associated with decreased survival among patients with NSCLC [18] . One explanation for this association is that the metastatic process may be attributable to PDGF activation of VEGF-mediated pathways [18] . Alternatively, the role of PDGF-B in lymphangiogenesis may be more direct, via its activation of PDGF-a and -b [29] , or through a combination of PDGFR-and VEGFR-mediated pathways.
Some tumors with increased PDGF levels are resistant to anti-VEGF therapies, supporting a role for complementary or co-dependent effects of PDGF and VEGF on angiogenesis (Fig. 1) . Preclinical studies in cells and mouse tumor models have shown increased efficacy of dual blockade of VEGF and PDGF compared with VEGF inhibition alone [30, 31] . fibroblast growth factor receptor, MEK mitogen-activated protein kinase kinase, PDGF platelet-derived growth factor, PDGFR plateletderived growth factor receptor, PI3K phosphatidylinositol-3-kinase, Raf v-raf 1 murine leukemia viral oncogene homolog 1, Ras retrovirus-associated DNA sequences, VEGF vascular endothelial growth factor, VEGFR vascular endothelial growth factor receptor 2.3 Angiopoietin Angiopoietins (i.e., Ang-1, Ang-2, and Ang-4), along with their receptor, endothelial TEK tyrosine kinase (Tie-2), have been implicated in angiogenic processes, including vascular permeability and vessel maturation [32] . Ang-1-mediated activation of Tie-2 has been linked to decreased vascular permeability, leading to angiogenesis in cultured endothelial cells [32] . When treated with an Ang-1 agonist, mice with subcutaneously implanted tumors developed tumor progression and lung metastases [33] . In other cases, high levels of Ang-2 expression in tumor cells were associated with poor prognosis, including an increased likelihood of angiogenesis [34] and decreased overall survival (OS).
Although exclusive studies exploring the role of angiopoietins in squamous NSCLC are limited, Ang-1 and Ang-2 have been identified as potent angiogenic factors, functioning in concert with VEGF [35] . Similar to interactions between PDGF/PDGFR and FGF/FGFR pathways, angiopoietins and Tie-2 also work with VEGF/VEGFR to mediate angiogenesis [32, 33, 36] . Studies have demonstrated that patients with tumors that co-overexpress Ang-2 and VEGF have decreased survival compared with those with overexpression of either factor alone, or with various expression levels of Ang-4 [36] .
Fibroblast Growth Factor Signaling
FGFRs are a family of four cell-surface receptors that stimulate cell proliferation and survival in many cell types through their activation of the MAPK and PI3K/v-akt murine thymoma viral oncogene homolog (AKT) pathways [37, 38] . Over 20 members of the FGF family of growth factors have been identified; FGF signaling has been associated with a wide variety of developmental and normal signaling processes, and several family members (e.g., FGF-1, FGF-2, FGF-4, FGF-5, and FGF-8) have also been implicated in angiogenesis [37] .
Several studies have indicated that FGFR may be a valid target for antiangiogenic therapy for squamous cell histologies of NSCLC. Molecular silencing and pharmacological studies of FGFR have revealed that, among NSCLC cell lines, FGFR-dependent autocrine signaling was observed in H226, H520 and H1703 squamous cell carcinomas [39] . Serum basic FGF (bFGF) levels have also been shown to be increased in both squamous and adenocarcinoma histologies, relative to healthy controls [40] . In addition, several studies have demonstrated that FGFR1 is specifically upregulated in squamous NSCLC. One of these that reported FGFR1 amplification in 21 % of NSCLC squamous tumors versus 3 % of adenocarcinomas also found that cell lines amplified for FGFR1 were dependent on its signaling to maintain cell growth. Subsequently, inhibition of FGFR1 by short hairpin RNAs (shRNAs) or by small molecules blocked cell growth [41] . Additionally, a study of 232 NSCLC cases confirmed these findings and reported FGFR1 amplification in 22 % of squamous cell tumors, but not tumors with other histologies, and also reported tumor shrinkage after applying an FGFR1-targeted small molecule to the specimens [42] . Further, findings from another study indicated that the presence of FGFR1 amplification in squamous NSCLC is even higher, at 41.5 %; the same study also reported FGFR1 amplification in a higher percentage of nonsquamous NSCLCs (14.3 %) [43] .
Similar to the aforementioned relationship between VEGF and PDGFR, VEGF and FGFR have demonstrated co-expression in NSCLC tumors, and may have synergistic roles in angiogenesis (Fig. 1) [44] . A study of 58 tumor samples from patients with surgically resected NSCLC specimens identified a significant correlation between bFGF levels and VEGF levels (r = 0.44; p \ 0.001) [45] . Some evidence also indicates that the relationship between VEGF and FGF/FGFR may be prognostic in NSCLC. For example, a study of 71 patients with NSCLC of adenocarcinoma or squamous histology showed that bFGF levels were most strongly correlated with poor prognosis in patients whose tumors also exhibited high VEGF levels (p \ 0.0001), regardless of histologic subtype [46] .
As previously mentioned, inhibitors of the FGF/FGFR pathway have been shown to block tumor growth and shrink tumors in some preclinical studies. One of these studies showed that blocking bFGF activity in three human NSCLC cell lines using antisense oligonucleotides, a bFGF antisense complementary DNA (cDNA)-expressing vector, or a neutralizing monoclonal antibody (mAb) halted cell growth [47] . By using genetic (dominant-negative FGFR1 [dnFGFR1]) and pharmacological (FGFR small molecule inhibitors) means, NSCLC cell line growth was severely limited, and dnFGFR1 expression also inhibited tumor growth in xenograft tumor models [48] . The FGF/FGFR pathway has also been identified as a potential mechanism of resistance to VEGF-targeted therapy in preclinical models of pancreatic islets [12] .
History of Trials Investigating Vascular Endothelial
Growth Factor-Targeted Agents in Non-Small Cell Lung Cancer
Most of the studies in NSCLC agents have so far focused on anti-VEGF therapy, with limited studies in squamous NSCLC due to concerns regarding life-threatening pulmonary hemorrhage. Bevacizumab (Avastin Ò , Genentech; South San Francisco, CA, USA), a mAb directed against VEGF, was the first VEGF-targeted therapy to prolong survival when combined with carboplatin and paclitaxel in a selected population of patients with NSCLC [49] . Despite the efficacy demonstrated by bevacizumab in phase II and III trials in patients with NSCLC [49, 50] , clinically significant bleeding events, including major hemoptysis, delayed further evaluation of bevacizumab in patients with squamous NSCLC [50] . Thus, bevacizumab is indicated only for patients with nonsquamous NSCLC [51] . Questions regarding the mechanisms by which anti-VEGF agents induce pulmonary hemorrhage remain unanswered, with some evidence suggesting an association with the inhibition of the physiological endothelial repair processes mediated by VEGF [52] , tumor erosion of vessels [53] , and the central location of tumors close to major blood vessels [53, 54] .
Some studies have also indicated that severe pulmonary hemorrhage observed with bevacizumab therapy was associated with squamous histology (resulting in the subsequent exclusion of patients with predominantly squamous tumors from several trials), the presence or development of tumor cavitation, and the central location of tumors adjacent to major blood vessels [50] . Squamous cell tumors are thought to be more likely centrally located and cavitated than adenocarcinoma tumors. Thus, it is still not clear whether squamous histology is the central independent risk factor for pulmonary hemorrhage with anti-VEGF therapy or whether there are other contributing factors such as central location and cavitation [50] .
In an early phase II trial of bevacizumab in NSCLC, life-threatening pulmonary hemorrhage was reported in six patients, four of whom had squamous NSCLC; four of the six cases were fatal and five of the six occurred in the lowdose bevacizumab arm [50] . Of note, all six patients had tumors that were centrally located close to major blood vessels and five had cavitation or necrosis (either observed at baseline or developed during therapy). Only a small increased risk of serious bleeding (approximately 4 %) was reported in patients with nonsquamous tumors [50] . Median time to progression (TTP) was longer with highdose bevacizumab compared with chemotherapy alone (7.4 vs. 4.2 months, respectively; p = 0.023), but TTP in the low-dose bevacizumab arm and OS in both bevacizumab dose groups were similar to those in the control arm [50] .
More recently, using strategies to reduce and closely monitor toxicity, a number of studies have revisited the potential of bevacizumab in squamous NSCLC. In an attempt to minimize the toxicity of bevacizumab in squamous NSCLC, the BRIDGE trial evaluated a more sequential administration of chemotherapy and bevacizumab. In the study, patients received carboplatin and paclitaxel for two cycles, followed by carboplatin and paclitaxel with bevacizumab in cycles 3 to 6, and, lastly, bevacizumab until progression or unacceptable toxicity.
The incidence of grade C3 pulmonary hemorrhage was 3.2 % (1 of 31; 90 % confidence interval [CI] 0.3-13.5); median progression-free survival (PFS) was 6.2 months [55] . While the incidence of pulmonary hemorrhage was lower than that reported in the phase II study described previously [50] , the use of bevacizumab therapy in squamous NSCLC remains investigational.
A recently reported pilot trial (SWOG-S0533) [56] evaluated the feasibility of incorporating bevacizumab into standard chemoradiation for patients with inoperable, locally advanced, stage III NSCLC. Patients in the trial were treated with cisplatin, etoposide, and radiotherapy, followed by consolidation docetaxel and bevacizumab. In addition, patients were stratified into a high-risk group if they had squamous histology, hemoptysis, or tumor with cavitation or that was near a major vessel. During safety analysis, the major adverse events (AEs) associated with consolidation docetaxel and bevacizumab in the high-risk group were incidences of grade 3 pneumonitis and fatal hemoptysis (2 of 12 for each), which resulted in termination of evaluation of the high-risk group [56] . Median OS was 23 months in the low-risk group and 17 months in the high-risk group [56] .
A recent phase I/II trial specific to stage III NSCLC, that investigated the incorporation of bevacizumab and erlotinib with induction therapy (carboplatin, paclitaxel, and bevacizumab) followed by concurrent chemoradiation (carboplatin, paclitaxel, bevacizumab, and thoracic conformal radiation with either no erlotinib or one of two doses of erlotinib), reported no cases of pulmonary hemorrhage among 12 patients with squamous histology treated with two cycles of induction therapy [57] . However, two delayed grade 5 pulmonary hemorrhage events occurred after concurrent therapy, leading to the exclusion of patients with squamous histology from the study. Another grade 3 pulmonary hemorrhage event occurred during concurrent therapy; however, the patient was able to complete treatment (to 74 Gy) with discontinuation of bevacizumab. Median PFS and OS were similar for patients with squamous (10 and 17.1 months, respectively) and nonsquamous histology (10 and 18.7 months, respectively) [57] .
Data in squamous NSCLC on the safety of motesanib (Amgen; Thousand Oaks, CA, USA), an oral inhibitor of VEGFR-1, -2, and -3, PDGFR, and stem cell factor receptor (c-kit), have also been reported [58] . The phase III MONET 1 trial combined first-line carboplatin and paclitaxel with motesanib in patients with NSCLC. This trial was suspended after increased mortality and hemoptysis were reported in patients with squamous cell histology, and the MONET 1 protocol was subsequently amended to exclude further enrollment of patients with squamous cell tumors [58, 59] . The study did not meet its primary endpoint of OS in the overall nonsquamous population or in the subset analysis of patients with adenocarcinoma [58] . Median OS for the overall nonsquamous population was 13.0 months with motesanib plus chemotherapy versus 11.0 months with chemotherapy alone (HR 0.90; 95 % CI 0.78-1.04; p = 0.14).
Clinically significant bleeding events in squamous NSCLC have also been reported in clinical trials of other agents, including single-agent sunitinib (Sutent Ò , Pfizer; New London, CT, USA) [60] and sorafenib (Nexavar Ò , Bayer; Leverkusen, Germany) [61, 62] . A phase II trial of sunitinib in chemotherapy-pretreated patients with advanced NSCLC revealed that two of three cases of fatal hemorrhage occurred in patients with squamous NSCLC [60] . Of seven (11.1 %) patients achieving confirmed objective response, one had squamous NSCLC [60] . A phase II study of pemetrexed or sunitinib or pemetrexed plus sunitinib as second-line therapy for advanced NSCLC reported generally greater toxicity in the sunitinib arms, which each included 15 % of patients with squamous histology, and no improvement in OS with sunitinib (7.0 vs. 6.7 vs. 10.5 months for sunitinib alone vs. sunitinib ? pemetrexed vs. pemetrexed alone; 2-sided p = 0.0179) [63] . The phase III ESCAPE trial of sorafenib in combination with first-line carboplatin/paclitaxel, which enrolled 223 (24 %) patients with squamous NSCLC, demonstrated an increased mortality risk among sorafenib-treated patients with squamous cell tumors (HR 1.85; 95 % CI 1.22-2.81) [61] . The study did not reach its primary endpoint, with a median OS of 10.7 months with sorafenib plus chemotherapy versus 10.6 months with chemotherapy alone (HR 1.15; 95 % CI 0.94-1.41; p = 0.915) in the overall population; median OS in patients with squamous NSCLC was 8.9 versus 13.6 months, respectively (HR 1.85; 95 % CI 1.22-2.81). Safety concerns from the ESCAPE trial resulted in a protocol amendment to exclude patients with squamous NSCLC from a similar phase III trial (NExUS) of sorafenib plus gemcitabine/cisplatin [62, 64] .
However, of note, several clinical trials of antiangiogenic agents in NSCLC have reported more favorable safety profiles with inclusion of patients with squamous histology. In a phase III study of sunitinib plus erlotinib versus placebo plus erlotinib in previously treated advanced NSCLC (28 % squamous histology in both arms), the incidences of treatment-related pulmonary hemorrhage (0.4 % in both arms) and hemoptysis (4.0 % with sunitinib/erlotinib vs. 2.5 % with erlotinib/placebo) were similar between groups [65] . Median OS was similar between treatment groups (9.0 months for sunitinib ? erlotinib vs. 8.5 months for placebo ? erlotinib [HR 0.922; p = 0.1388]); on multivariate analysis, nonsquamous histology was not identified as a favorable prognostic factor for OS [65] . A phase III study of carboplatin/paclitaxel plus the vascular disrupting agent vadimezan (ASA404), a flavone acetic acid analog, or placebo in patients with previously untreated advanced NSCLC reported no increase in vascular toxicity for the squamous histology cohort (n = 265) compared with the nonsquamous subset (n = 978). Hemoptysis (all grades) was observed in 6.4 and 6.2 % of patients in the vadimezan and placebo arms, respectively; only one patient per arm experienced a grade 4 hemoptysis event [66] . The study failed to meet its primary endpoint of OS: median OS was 13.4 versus 12.7 months in the vadimezan and placebo arms, respectively (HR 1.01; 95 % CI 0.85-1.19; p = 0.535). There were also no differences in OS between treatment groups when stratified by histology (nonsquamous NSCLC: HR 0.98; 95 % CI 0.80-1.19; squamous NSCLC: HR 1.10; 95 % CI 0.79-1.52) [66] .
A summary of data available from clinical trials evaluating antiangiogenic agents in squamous NSCLC is provided in Table 1 .
Ongoing Trials Evaluating Antiangiogenic Agents in Squamous NSCLC
Newer investigational agents with the potential for improved safety profiles (without any major issues with life-threatening hemoptysis), and a wider range of targets, including FGFR, are being studied. Given the safety concerns arising from VEGF-targeted therapies in squamous NSCLC, the vast majority of contemporary clinical trials exclude participants with squamous histology. However, several ongoing trials do include squamous participants, and these studies are summarized in Table 2 . The antiangiogenic agents currently being evaluated in studies involving squamous NSCLC participants include the following: axitinib (AG-013736, Pfizer; New London, CT, USA) a VEGFR/PDGFR/c-kit tyrosine kinase inhibitor (TKI) [67, 68] ; nintedanib (BIBF 1120; Boehringer Ingelheim; Ingelheim, Germany), a VEGFR-1, -2, and -3, PDGFR-a/-b, and FGFR-1, -2, and -3 TKI that also has activity against the src family and fms-like tyrosine kinase 3 [69] ; cediranib (Recentin TM , AstraZeneca; Wilmington, DE, USA), a TKI targeting VEGFR-1, -2, and -3, PDGFRa/-b, FGFR-1, and c-kit [70] ; pazopanib (Votrient TM ; GlaxoSmithKline; London, UK), a TKI targeting VEGFR-1, -2, and -3, PDGFR-a/-b, FGFR-1 and -3, and c-kit [71, 72] ; and ramucirumab (IMC-1121B; ImClone LLC, a subsidiary of Lilly; Bridgewater, NJ, USA), a recombinant, human anti-VEGFR-2 mAb [73] .
One of the ongoing studies, a phase II study of axitinib in patients with squamous NSCLC (NCT00735904), was completed at the end of 2011 and results are forthcoming. In addition, based on phase I results [74] , a phase I/II trial (LUME-Lung 3; NCT01346540) evaluating nintedanib as first-line therapy in combination with gemcitabine and Table 1 Clinical trials evaluating vascular endothelial growth factor-targeted therapies with data available in squamous non-small cell lung cancer cisplatin in patients with squamous NSCLC is currently recruiting. The LUME-Lung 3 study will be investigated in two parts, the first of which will be an open-label, phase I study that aims to identify the maximum tolerated dose of nintedanib to be used for standard first-line treatment with 3-weekly schedules of gemcitabine/cisplatin. Part two is a phase II placebo-controlled efficacy study that will evaluate nintedanib in combination with standard 3-weekly cycles of gemcitabine/cisplatin therapy in patients with at least stable disease after two previous courses of the chemotherapy. In addition to the squamous NSCLC-specific clinical trials described previously, several NSCLC studies that do not exclude squamous histology have also been initiated to evaluate antiangiogenic agents in NSCLC. The LUMELung 1 phase III trial of nintedanib or placebo plus secondline docetaxel in patients with stage IIIB/IV or recurrent NSCLC (NCT00805194) has been initiated and does not exclude participants with squamous histology. Preliminary results showed that nintedanib plus docetaxel significantly improved median PFS for all patients compared with the placebo arm (3. [75] . Similarly, pazopanib is currently under investigation in a phase II/III clinical trial that is not excluding patients with squamous NSCLC (NCT01208064). In the study, pazopanib is being compared with a placebo as maintenance therapy for patients with NSCLC who have received firstline chemotherapy. A phase II study of ramucirumab in combination with platinum-based chemotherapy versus platinum-based chemotherapy alone as first-line treatment for patients with recurrent or advanced NSCLC, including those with squamous histology, is currently in progress (NCT01160744).
Genomic Sequencing of Squamous Non-Small Cell Lung Cancer
Recent genomic sequencing studies have identified several genes that are altered in squamous NSCLC, suggesting the potential for targeted therapies against these molecular abnormalities. For example, Hammerman et al. [76] reported discoidin domain receptor 2 (DDR2) mutations in approximately 4 % of squamous NSCLC samples, which were associated with sensitivity to dasatinib (Sprycel Ò , Bristol-Myers Squibb; Princeton, NJ, USA), a multi-target kinase inhibitor, in xenograft models. An ongoing phase II trial is evaluating dasatinib in subjects with advanced cancers (including NSCLC) harboring DDR2 mutation (NCT01514864). PIK3CA mutations have been reported in approximately 7 % of squamous NSCLC cell lines [77, 78] , and preclinical evidence suggests efficacy with PI3K pathway inhibitors in NSCLC tumors with PI3KCA mutations [79] . FGFR1 gene amplification has been observed in approximately 20 % of patients with squamous NSCLC, which suggests that FGFR1 may represent a promising therapeutic target in this subset of patients [41, 42] . The Cancer Genome Atlas project, which is the first comprehensive sequencing effort in squamous NSCLC to date, reported high mutation and genomic alteration rates in squamous NSCLC [80] . TP53 mutations were observed in more than 80 % of squamous NSCLCs; other frequent genetic alterations included amplification of FGFR1, SOX2, and PDGFR-a and mutated genes affecting PI3K signaling. The results from this comprehensive sequencing study may help to identify new targeted therapeutic strategies for the treatment of squamous NSCLC.
Conclusions
Given the survival statistics for advanced lung cancer, the development of more effective therapies for NSCLC, particularly in patients with squamous histology, should be a key focus for clinical evaluation. Some advances in NSCLC have been made with the emergence of targeted therapies. However, because of safety concerns (e.g., pulmonary hemorrhage with VEGF-targeted therapy) and a higher prevalence of relevant therapeutic targets in other histologies (e.g., relatively low frequency of EGFR mutations in patients with squamous histology), patients with squamous histology have been excluded from many of these breakthroughs [3] . While EGFR mutations and ALK rearrangements are less common, other molecular abnormalities have been recently discovered in squamous NSCLC, including DDR2 mutations, PIK3CA mutations, and FGFR amplifications/mutations [81, 82] . Moreover, the potential of angiogenesis as a therapeutic target in squamous NSCLC has been revisited with the evaluation of modified administration of therapies that were previously considered unsafe for patients with squamous histology. In addition, studies of preclinical models suggest that there is substantial cross-talk between VEGF signaling and other pathways involved in angiogenesis, suggesting that inhibition of several of these pathways at once may provide a more comprehensive blockade of angiogenesis in NSCLC. Some multi-targeted, antiangiogenic agents have shown preclinical and early clinical activity in NSCLC, and results are awaited for these agents specifically in squamous NSCLC.
